The mobility of charge carriers has been investigated in the pristine and phosphorescent material doped 4 , 4Ј ,4Љ-tris͑N-carbazolyl͒ triphenylamine ͑TCTA͒ using time-of-flight photoconductivity technique. Doping phosphorescent material fac-tris͑2-phenylpyridine͒ iridium ͓Ir͑ppy͒ 3 ͔ increases the electron mobility whereas the hole mobility decreases to the order of 10 −4 -10 −6 cm 2 / V s measured at room temperature with different bias voltages. The analysis of field and temperature dependences of the mobility agrees well with the Gaussian disorder model. The calculated positional disorders ͑⌺͒ for TCTA, Ir͑ppy͒ 3 -doped TCTA, and tris͑1-phenylisoquinoline͒ iridium ͓Ir͑piq͒ 3 ͔ -doped TCTA are 0.12, 2.05, and 1.62 for hole, respectively; 3.89 for electron in only Ir͑ppy͒ 3 -doped TCTA. The ambipolar transport for holes and electrons is possible by doping TCTA with Ir͑ppy͒ 3 ͑green dopant͒ whereas only hole transport with reduced mobility is achieved for Ir͑piq͒ 3 ͑red dopant͒.
I. INTRODUCTION
There is an increasing interest of using organic semiconductors for device applications such as organic light emitting diodes ͑OLEDs͒, [1] [2] [3] [4] organic solar cells, 5, 6 and organic field effect transistors. 7, 8 The device efficiency and functionality are controlled by engineering the carrier transport properties of organic semiconductors. The transport properties can be manipulated by morphological structure, doping, electric field, and temperature. The harvesting of both singlet and triplet excitons by doping phosphorescent materials in the organic semiconductor host can produce more than 20% external quantum efficiency in phosphorescent OLEDs. 9, 10 The charge transport and the exciton formation zone are closely related to each other. 11, 12 Hence, there is a need of deep understanding of carrier transport properties of phosphorescent material doped organic semiconductors.
The time-of-flight photoconductivity ͑TOF-PC͒ is a powerful method for charge transport analysis in bulk organic system. 13 In this method, the sample is photoexcited using a pulse laser and the transit time of the charge carriers across the film is measured in the photocurrent transients. 13, 14 Generally, the film thickness should be a few micrometers so that the excitation light is absorbed in very thin layer compared to the total thickness of the film. 15 The field and temperature dependences of the mobility have been analyzed by a Gill-modified Poole-Frenkel ͑PF͒ equation, 16 Gaussian disorder model ͑GDM͒ suggested by Bässler, 17 and correlated disorder model 18, 19 for organic semiconductor. The Gill analysis can predict the negative field dependence of the mobility as well as an exponential dependence on the square root of the electric field. 16 The disorder formalism describes the hopping transport of carriers in terms of the positional and energetic disorders of organic materials. 17 In this paper we report the temperature and electric field dependences of carrier mobilities measured in 4 , 4Ј ,4Љ-tris͑N-carbazolyl͒ triphenylamine ͑TCTA͒ and phosphorescent material ͓Ir͑ppy͒ 3 and Ir͑piq͒ 3 ͔ doped TCTA. The carrier transport is analyzed by Bässler's GDM.
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II. EXPERIMENT
The glass substrates precoated with indium-tin-oxide ͑ITO͒ were cleaned using isopropyl alcohol, de-ionized water, acetone, methanol in an ultrasonic bath for 10 min and dried into an oven at 120°C more than 30 min. The ITO substrates were exposed to ultraviolet ozone treatment for 5 min prior to loading into vacuum chamber. TCTA, TCTA: Ir͑ppy͒ 3 , and TCTA: Ir͑piq͒ 3 layers were deposited by thermal evaporation under Ͻ5 ϫ 10 −6 Torr without breaking vacuum. The deposition rate of organic layers was controlled at 0.1-0.3 nm/ s and the doping ratio was controlled about 7% by monitoring a quartz crystal oscillator. The thicknesses of TCTA, TCTA: Ir͑ppy͒ 3 , and TCTA: Ir͑piq͒ 3 films were 1.31, 1.16, and 1.3 m, respectively. Semitransparent Al electrodes were deposited on the organic films with the overlap area of the Al and ITO electrodes about 2 mm 2 . The samples were loaded on to the cold finger of the closed-cycle cryostat and the TOF-PC mobility was measured from 200 to 320 K. In the TOF-PC measurements, the devices were applied from 5 to 110 V by a dc power supply ͑Agilent E3612A͒ and illuminated through Al or ITO electrodes using a nitrogen pulse laser with the wavelength of 337 nm and the pulse duration of 600 ps ͑PTI GL 3300͒. The TOF transients were monitored with a digital oscilloscope ͑Tektronix TDS 5054B͒. where d is the film thickness and V is the applied voltage. Figure 2 shows the field dependence of the hole mobility of pristine material doped TCTA at temperatures from 200 to 320 K. At the low field, the mobility is almost independent of the field for pristine TCTA at room temperature. At higher fields, the mobility increases exponentially with the square root of the field E, consistent with the PF relation
III. RESULTS AND DISCUSSION
where 0 is the zero-field mobility; the calculated values of zero field mobility and ␤ ͑PF slope͒ have been analyzed by the GDM. In the disordered organic materials the conduction is considered as the hopping over an ensemble of transport sites. Each molecule is considered as a transport site for charge conduction. In hopping transport the charge conduction is thermally activated and is therefore temperature dependent. Similarly, the zero-field mobility and the PF slope ͑␤͒ were calculated for Ir͑ppy͒ 3 -and Ir͑piq͒ 3 -doped TCTA from the field dependence of the mobility at different temperatures ͓Figs. 2͑b͒-2͑d͔͒. The electron mobility could be measured only in the Ir͑ppy͒ 3 -doped TCTA and its field and temperature dependences are shown in Fig. 2͑d͒ .
Both electron and hole mobilities follow the PF relation with the field. The doping of organic materials gives rise to mainly energy traps, changes in energy width ͑͒ of the hopping sites, and the positional or orientational ͑⌺͒ disorder due to distribution of intersite distances. The carrier mobility dependence on these disorders can be represented by a semiempirical equation ͑GDM͒.
where T is the absolute temperature, k B is the Boltzmann constant, inf is the high temperature limit of the mobility, and C is a constant. Figure 3 shows the variation of zero-field hole mobility with inverse of temperature square ͑1 / T 2 ͒ for both doped and undoped TCTA; the inset shows the zero-field electron mobility in Ir͑ppy͒ 3 -doped TCTA. The linear fitting for zerofield hole mobility from temperature 200 to 320 K for pristine TCTA is a straight line, corresponding to no transition of dispersive to nondispersive ͑D-ND͒ in this temperature range. The onset of the D-ND transition occurs below 100 K ͑calculated value of 94.53 K͒. This transition temperature has been calculated using the proposed Bässler model equation Table I . There is a very minor change in the Gaussian density of states for holes in doped and undoped TCTA whereas the hole mobility decreases by two orders of magnitude. The energy traps or the dispersion of carriers may be responsible for this decrease. 18, 20 The dopant In local thermal equilibrium, the effective mobility ͑ eff ͒ in a system with traps and the mobility ͑ 0 ͒ of the undoped system are related to the equation
where c is the trap concentration, ⌬E is the trap depth, and T is the temperature. The value of trap depth is calculated as 12.02 meV, which is within the energy difference of TCTA and Ir͑ppy͒ 3 . However, this value is very low; this difference may be due to the assumption of the monoenergetic trap level in the above model. The energetic distribution of trap states also plays a role in lowering the hole mobility. Figure 5 shows the variation of field dependent PF slope ␤ with inverse of temperature square ͑ / k B T͒ 2 for hole transport in TCTA and doped TCTA; the inset shows the same for electron in doped TCTA. The values of positional or orientational disorder ͑⌺͒ and the constant ͑C͒ have been calculated by fitting the data using Eq. ͑4͒. Table I shows that the positional disorder increases with doping of TCTA. Besides the effect of doping on disorder, the carrier dispersion is also affected by the doping. The degree of carrier dispersion in organic materials can be calculated by the tail broadening parameter W,
where t tr is the transit time of the leading carriers and t 1/2 is the time after which the current has decreased to half of its plateau value. The extracted values of W are summarized in Table I . The large value of W can be associated with a high degree of dispersion after doping TCTA. It is also worthwhile to note that electron and hole mobilities in the Ir͑ppy͒ 3 -doped TCTA are of the same order. Therefore, the ambipolar transport of holes and electrons can be possible in the Ir͑ppy͒ 3 -doped TCTA. This result suggests that one can use the Ir͑ppy͒ 3 -doped TCTA as an ambipolar host layer for the red phosphorescent emitters. The balance of electron and hole transport can be achieved by doping appropriate concentrations of Ir͑ppy͒ 3 in TCTA, leading to high electroluminescence efficiency.
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IV. CONCLUSIONS
The influence of charge trapping, scattering, and disorder on charge transport has been studied in pristine TCTA and TCTA doped with phosphorescent dopants. The hole transport in undoped and doped TCTA is nondispersive whereas the electron transport in doped TCTA is dispersive. The hole mobility decreases by two orders of magnitude due to additional trap residing times. However, the electron gets favorable hopping sites for conduction in Ir͑ppy͒ 3 -doped TCTA. The tail broadening parameter reveals by doping and charges travel longer transit path due to carrier scattering. The positional or orientational disorders for TCTA, and Ir͑ppy͒ 3 -and Ir͑piq͒ 3 -doped TCTA are 0.12, 2.05, and 1.62, respectively. The significant difference in all types of disorders ͑positional or orientational, and energetic͒ and the carrier dispersion are responsible for lowering of the hole mobility.
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